mM imidazole and 0.02% DDM. The elution was concentrated and further purified with gel filtration (Superdex-200; GE Healthcare) in various buffer for different usage.
The peak fractions from gel filtration were collected and flash-frozen in liquid nitrogen for further experiments.
Crystallization, data collection and structure determination
XylE-WW protein was purified by gel filtration in buffer containing 25 mM Tris-HCl pH 8.0, 150 mM NaCl and 0.056% 6-Cyclohexyl-1-Hexyl-β-D-maltoside (Cymal-6; Anatrace). Crystals of XylE-WW were grown at 18 ℃ by the hanging-drop vapor diffusion method by mixing 1 μl protein with 1 μl reservoir buffer containing 0.1 M NaCl, 0.1 M Li2SO4, 0.1 M MES pH 6.5, 30% PEG400 (v/v). Crystals appeared in 2-3 days and grew to full size in about 1 week. The crystals were directly flash-frozen in a cold nitrogen stream at 100 K for further data collection.
The data sets were collected at SSRF beamline BL17U and integrated and scaled using HKL2000 2 . Further processing was carried out using CCP4 suite 3 . The phase was solved by molecular replacement using PHASER 4 with XylE (PDB code: 4GBY) as a searching model. The model was further rebuilt in COOT 5 and refined with PHENIX 6 . Data collection and structure refinement statistics are summarized in Supplementary Table S2 .
Cysteine crosslinking
XylE cysteine mutants (A152C/S396C, V35C/E302C) were overexpressed and purified with same methods as described previously. After protein was eluted from Ni 2+ -NTA affinity chromatography column, 1.5 mM CuCl2 was added into protein elution to initiate crosslinking. The crosslinking system was shaken at room temperature for 2 h. Gel filtration with Superdex-200 column was followed to remove the Cu 2+ . After gel filtration, the crosslinked XylE protein was transferred to buffer containing 25 mM MES pH 6.5, 150 mM NaCl and 0.056% Cymal-6 for further isothermal titration experiment.
The validation of crosslinking was conducted through DrICE protease digestion. The crosslinked protein was mixed with DrICE protease with ratio 100:1 (w: w). Then the mixture was incubated at room temperature for 3 h. After digested protein was reduced by 200 mM DTT for 10 min at room temperature. These protein samples were applied to SDS-PAGE to exam whether they were crosslinked.
Preparation of liposomes and proteoliposomes.
The proteoliposomes were made by following steps. E. coli polar lipids (Avanti) were dissolved in chloroform/methanol mixture (3:1, v/v) and dried with nitrogen gas.
Then the lipids were dissolved to 20 mg/ml with KPM 6.5 buffer (50 mM potassium phosphate, 2 mM magnesium sulfate, pH 6.5) and 20 mM D-xylose. The liposomes were homogenized with 5 rounds freeze/thaw cycles and extrusion. Then liposomes were incubated with 1% n-octyl-β-D-glucoside (β-OG; Anatrace) at 4 ℃ for 30 min.
After that, liposomes were mixed with 200 μg/ml XylE or mutants protein and S5 incubated for another 1 h at 4 ℃. After protein was integrated into liposomes, β-OG was removed by incubation overnight with 400 mg/ml Bio-Beads SM2 (Bio-Rad).
Then the proteoliposomes were frozen and thawed for 5 times and extruded with 0.4 μm membrane filter (Millipore) for 21 time. The homogenized proteoliposomes were ultracentrifugated at 100,000 g for 1 h and rinsed with ice-cold KPM 6.5 buffer for 2 times to remove extra sugar. Finally, the proteoliposomes were resuspended in ice-cold KPM 6.5 buffer to 100 mg/ml before the counterflow assay. Control liposomes were made with the same protocol except for protein insertion step.
Counterflow assay
The counterflow assays were performed at 25 ℃. 
Microscale thermophoresis
MST analysis was performed using Nano Temper Monolith NT. LabelFree instrument (Nano Temper Technologies GmbH). Both the wild type XylE and XylE-WW protein were purified in MST buffer containing 25 mM MES pH 6.5, 150 mM NaCl and 0.056% Cymal-6. Gradient diluted sugars or inhibitors were mixed with XylE variants.
The mixtures were loaded to MO-Z002 capillaries after 2 min incubation at room temperature. MST measurements were performed using 20% MST power and 20% LED power. MST datasets were processed with the NT analysis 1. show the function of total energy exchange against molar ratio of ligand to protein.
The data was fitted by the MicroCal Origin 7.0 and presented as the solid lines in outer panels. All thermodynamic parameters are summarized in Supplementary Table   S1 . 
TΔS = ΔH -ΔG.

